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The present invention lelates tt> a method for the production of hyperpolasdzed 

• « 

*^^eaon an4 to a method for the production of a contrast agent 

^Xenon is a gas at room temperature. The nucleus h^s ^ spin quantum number of !^ 
and a modemtely large nuclei magnetic moment of -1,347494 nuclear magnetons. 
It can be taken up into the |ungjs ^nd absoibed into blood or tissue. It has been 
recQgnized that it has potent^ to be hnaged in U^e body via magnetic resonance 
imaging (MRI). Howeyer, silnce the gas phase is approximately 1000 times less 
dense (in moles/liter) than th!e condense4 pliase of biological material (e«g. blood» 
tissue), its nuclear magnetic resonance (NMR) ^gnal is much weaker than that of the 
protons in the condensed biological material. To surmount th^, hyperpolarized 
Xenon has been prepared, In this case, tlie nuclear magnetization, upon which the 
MRI sensitivity depends, ca4 be increased by S orders of magnitqde^ making ihe 
contrast available with the ^^Xenon even in the gas phase larger than that from the 
protons in their equilibrium r<j»om temperature condensed phases. Because tbe spin is 
^, the retention time of the non-equilibrium highly polarized state of the 
hypeipolarized ^Xenon, frequently referred to as the spin-lattice relaxation time Ti, 
is long enough evw at bc|dy temperature for the ^^Xenon to persist in the 
hyperpolarized state for suf^cient time to obtain contrast enhanced MR images. 
Thus, hyperpolarized ^^^Xe^on gas has generated considerable interest as an 
inhalable contrast agent for mjagnetic resonance imaging of the lungs* 

W. Hipper et al., Phys, Rfev. A29, 3092 (1984) describe4 the prpduction of 
hyperpolarized ^^^Xenon usin|g optical pumping laser technique^, A disadvantage of 
this method is the low producjtioq rate, due to polacu^ation being achieved in die low 

a * 

density gaseous phase. Thus, only rates of a few liters per hour are achievable. 

WO-A-99/35508 discloses hyperpolanzatlon of Xenon in the solid state using the 
"brute force" method or the dynamic nuclear polarization (DNP) method. 

WO-A-00/23797 discloses additional methods for the hyperpolaiization of Xenpn in 
the solid state, sacb as df>piiig xeaon with paramagnetic oifyg&a molecules, 
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tiie xenon with io^nzing radiation or the dispersal of n[)agnetized ^all 
particles encapsulated in poly^pers which are placed in the xenon. 



It has now surpnsingly hedn found that the presence of an additive in 

hypei3)olari?ation of Xenon pi tiie solid state dramatically increases polarization 

■ 

enhancement. 



The present invention proYitjes a method for producing hypeipolarized ^^enon 

« 

comprising 

a) preparing a mix^re of^Xenon, an additive and a £:ee radical 

mixture according to the DI^ method to obtain 
mand 



b) 



hypexpolarizing said 
hyperpolanzed ^^^Xen 



c) optionally separating ^aid Xenon from tihe other components of the mixture. 

« 

15 In a first step a) a mixture of Xenon, an additive and a free radical is prepared. 

I 

According to tlie invention, ^enon can te uged in its natural form, i.e. a inixtare of 
several isotopes including "jXenon (21,2%) and '^Xenon (26.4%). Alternatively, 
*^^enon enriched Xenon cant be used. 



I 

The term "additive" accordirig to the mvention encompasses also suitable mixtures 
of additive?. Pcefierably, solvents are used as additives in the method aticording to the 
invention. More preferably, additives are lipophilic solvents and/or solvents which 
contain a high amount of NMR active nuclei such as ^H, ^^P and the like. 
Farticuliorly preferably, &b ac ditive is a solvent selected from the group consisting of 
straight chain or branched Q-Cu-alkanes, Qs-Cis-cycloalkan^s, fatly alcohols, fatty 
esters, ^ubstimied ben^e dedvatives like toluol or xylene and mono^ or 
polyfluorinated solvents like tetradecafhiorohexane or h^Eafhioroisopropanol. Most 

■ 

preferred additives axe cyclopentane, tolqene or xylene. 

The free radical in the mixturb of step a) may either he a stable free radical such as a 

4 4 

• * 

nitroxide or a trityl radical qr a firee radical prepared in situ &om a stable radical 
precursor by a radical-generafing step shortly before the hypeipolaiizadon Step b), or 

* * 

alternatively by Hie use of ic^sing radiatidn. Stiitable free radicals aie organic free 

NIDN ai 12S/FI/24.1 0.2002 
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radicals sucli as triaiylmethyjl, nitroxide radicals ^uch as poiphyrexide, TBMPO, 
TBMPONE and TEMFOL (se!o bdow), oxygea centered radicals such a$ galvinoxyl 

(see below)» carbon centered radicals such as trityls and allyls, metal ions with 

< 

unpaired electrons such as CdCV), e.g. BHHA-Cr(V) and EHBA-Cr(V) (see below), 
Mn(II), e.g. Mna2, Tm(n)/ YbClH), NdCUD, V(IV). Ni(II) and Fe(III) ions or 
radiation generated radical centers and biradicals, e,g. those described in WO-A- 
88/10419, WOA^90/00904^ WO-A-9 1/12024, WO-A^93/02711 and WO-A- 
96^9367, Preferred free radicals are those which disMve in the additive and/or in 
liquid Xenon. Particularly prejfen:ed firee radicals are tiityls and nitroxide radicals, 
e.g. terL-amyl-tert.-butyl mtrobdde. 



■ ?• 



TEMPO 



Y 

o 



TEMPONE 




TEMPOL 




igaivinoxyl 




EHBA-Cr(V) 



BHHA-CrM 
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In a prdfeired embodimeDt, J&non gas is condense4 on top of the additive and £ree 
radical in a suitable reaction Vessel, preferably by using a liquid nitrogen bath. The 
reaction vessel is subsequently sealed and wanned up until the components are in the 
liquid state. The additive and jhe &ee xadical ^ nnxed with the liquid Xmon until a 
homogmeous mixture is obt^ed, The formation of a homogeneous mixture may be 
achieved by several means kqown in the art such as agitation, shaldng, stining and 
die li}ce, The resulting mixture is then cooled rapidly, e.g. in a liquid nitrogen batlip 
9nd the solid obtained is used Ifor. the hyperpolaiization. 

In a second step b), the mixtjire of step a) is byperpol^rized according to the DNP 
method to obtain hypetpolqpajed *^^non; 



Suitably, the mixture win be pooled, e.g. in liquid nitrogen, in order to result a solid 
1 5 which can he iise4 for the DI^ hypeipolarissation. 



20 



25 



30 



DNP mechanims include th^ Overbauser effect, the so-called solid effect and the 
thermal mixing effect. Durii^g the DNP process, energy, nonnally in the form of 
nucrowave radiation, is prdvided. There a transfer of polaiization fi'om tiie 
unpaired electron of the radial to ^^^X^on and/or the NMR active nuclei of the 
additive, depending on the pi^perties of die free radical and/or tiie fieqoency of the 
microwave radiation ^plied. ilf the I<4MR active nuclei of the additive are polarized, 
this polarization may be traijsferred to ^^^Xenqn subsequentiy by a suitable cross- 
polarization sequence. The I>>?P method may utilize a moderate or high magnetic 
field and a very low temperature, e,g. by carrying out the DNP process in liquid 
helium and a magnetic field of about 1 T or above. The ten^erature should be v^ 
low. e.g, 100 K or less, preferably 4,2 K or less, more preferably U K or less, 
especially preferably 1 K or- less and even more especially preferably 100 mK or 
less. The magnetic field strerigth used should be as high as possible, suitably higher 
than O.X T, preferably highdr than 1 T, more preferably 5 T or more, especially 

■ 

preferably 15 T and more 4nd most preferably 20 T and more. Alternatively, a 
moderate magnetic field and any temperature at which sufficient enliancement is 
achieved may be employed. (Preferably, the polarisation should 1% or more, more 
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preferably 10% and more, es||edaILy preferably 25% and more and most preferably 
50% and more. 
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After hyperpolarization, Xenc n may be separated from the other component of the 
5 mixture by pimply waixmng the mixture until Xenon is in a gaseous state and 
collecting the gas in a suitable container. Optionally, the gas can be condensed again 
to obtain ^^Xenon ice'* which can be transported using a permanent magnet and a 
liquid nitrogen bath. Prefera bly » the magnetic field strength for such a transport 
jshould be ag high as possiblo, suitably 10 mT or nnore, preferably 0.1 T or more, 
more preferably 0.2 T or chore and especially preferably 03 T or more. The 
temperature for such a transport should be below the boiling point of Xenon, i,e. 
below 166.05 K at atmosphere pressure. 

For the use as a contrast ag^ the condensed Xenon may conveniently be heated 
pdor to said use, ; 

Thus, another aspect of (he invention is a metliod for the production of a contrast 
agent composing 

a) preparing a mixture of Xenon, an additive and a free radical 

b) hyperpolarizing said mixture according to the DNP method to obtain 

c) separating Xenon from ihk other components of the mixtur0» and 

d) optionally condensing the separated Xenon again. 



25 Yet anotiier aspect of the in\ ention is the us© of PNP-hypeipolarized ^^^non for 
the nianufacture of a contrast agent for (he use iti magnetic resonance imaging of the 
hqman or non --humaii anim il body » preferably of the lungs of the human or non- 
hun:ia4 animal body. 



Yet another aspect of the indention is a tnefhod for magnetic resonance imaging of 
the lungs Qf a human or nqn-l luman animal body comprising 

a) preparing a mixture of X^non, an additive and a free radical 

b) hyperpolarizing said mixture according to the DNF method to obtain 

hypeipolarized ^^Xenon I 
NIDN 311 25/FI/24.1 0.2002 
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. 6 

o) separating said Xenon fcom the other components of the mixture, 

* 

4) optionally condensing and*heatiag said separated Xenon 

e) administering said Xenon to the lungs of a human or noi>-human animal body 
and 

f) generating magnetic resonance images of said body. 

Yet another aspect of the invention is the use of ^^^Xenon which has been 
hyperpolarized according to tSie method of fhe invention as a contrast agent, more 
preferably as a contrast ag^nt for magnetic resonance imaging of the lungs. 



« 
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Example 1 (coinpaiison exai)iple) 

10 til of tert.-ainyl-tert.-bmyl4nitroxide in a reaction vesgel were cooled in a liquid 
nitrogen bath. 750 ml of gaseous Xenon (natural abundance ^^^non, STB) were 

« 

conciensed into the reactioq veis^eL The reactioii vessel was seale4 and the 
teinperature was adjusted to 1^95 K The content was agitated until a homogeneous 
liquid wa^ fonned and then booled down in a liquid nitrogen bath. The reacdon 

vessel and the liquid nitrogen jbath were then moved to a Nrglove box. The reaction 

> 

vessel was opened and liquidl nitrogen wag ad4ed. The solid content of the reaction 
vessel was pulveri:^ with a bpatnla and trangferre^ to a pre*cooled sample holder. 
The sample was then rapidly insetted into a cryostat and DNP polarization was 
peifomied using a magnetic jSeld of 3.35 T, an irradiation frequency of 93.3 GHz 
and a temperature of L6 K. 

Ti was measured t£> ca. 10 h at 1.6 K and 3.35 T. No DNP efifect was observed. 



20 



Bxample 2 (comparison exafQple) 

Example 2 was canied out ias Example 1 using 100 [xl of tert-aniyl-tert-butyl- 
nitroxide. Ti was measured \o ca. 1 h at L6 K and 3,35 T, No DNP effect was 
observed, ! . 



Examples 

Example 2 was carried out i as Example 1 using 10 {il of. tert.-amyl-tert.-butyl-' 
25 nilioxide it) 1.2 ml tolqene a^d 800 ml of gaseous ^^Xenon. DNP polarization was 
performed using a magnetic {field of 3.3S T, an inadiation &equency of 93.3 QHz 

■ I 

and a temperature of 1,44 £3. A polarization enhancement of 24 was measured at 
1.44 K and 3.35 T, correspon^g to a polarization of ^^^ncm of 1.6%. 



30 
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1, A method for producing hj^eipolaiised ^^^Xenon comprising 
5 a) preparing a mixtuie of Xenon, an additive and a free racUc^ 

b) bypetpolarizing said m^Ktor^ according to the DNP m&tiiod to obtain 
hyperpolarized ^^enon ^d 

c) optionally aeparating s^d ^enon from the other componeot^ of t})e qii^tiire. 

ft 

V 
■ 

10 2. A method according to c aim 1 ivberdn the additive is a solvent, preferably a 
lipophilic solvent and/or a[ solvent wbich contains a high amount of NMR active 
nuclei. 



3. A meibod according to c^aim I and 2, wherein the additive is a solvent or a 
15 mixture of solvents ^elej^ted from the grpup consisting of straight chain or 

branched C6-Ct2-*alk^nesj CsrCia-cycloallcanes, fatty alcohols, fatty esters, 

... 

substituted benzene depivative^ like toluol or xylene and mono*< or 
polyfluorinated solvents lijlce tetradecafluorohexane or hexafluoroisopropanol. 



20 4. A method according to cMms 
from liquid Xenon, 

I 



5. A method according to ci^mxas 1 to 4 wherein the mixture in step a) is prepared 

» • . * 

by condensing Xenon gas on tlie top of the additive and the free radical, wanning 

25 the components until Xenjon and die additive are in a liquid ^tate and mixing the 

j 

components until a homo^eous mixture is obtained. 



^^non 



hyperpoladzed. 



7. A mediod according to cl^ms 1 to 6 wberdn in step b) the NMR active nuclei of 
the additive are hypeipol udzed and this polarization is subsequently transferred 
to ^^^enon by a cross-po adzation sequence. 

♦ • 

I 
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8. A method according to c14Uk^ 1 to 7 wherein Xenon emiche4 with ^^enop is 
used. 



ms 1 to 8 wherein in 3tep c) Xenon is se{)arated £rom 
the other conaponents of tjie mixture by warming the mixture until Xenon is in 
the gas state and collecting said Xenon in a ^nitable container. 

j 

10. A method for die productipn of a contrast agent comprising 

a) preparing a mixmre of Xeijion, an additive and a free radical 

b) hyperpolaiizing said m^Tctnre according to the DNP method to obtain 
hyperpolarized ^^^Xenon « 

c) separating said Xenon £ro^ the other components of the mixture, and 

d) optionally condensing the jseparated Xenon again. 

12. Use of DNP - hyperpolarized ^^enon for the manofactare of a contrast agent 
for the use in magnetic resonance imaging of the humao or non -^oman animal 
body, preferably of the lo^gs of the hmim or non-human animal body. 
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Abstract 



The present inventioii lelate^ to a method for the productioa of hyperpolan^ed 
^^^noa and to a method for the production of a contrast agent. 
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